Abstract-A new space-time block coded transmit antenna selection scheme over spatially correlated fading channels is presented. This scheme allows two or more transmit antennas to simultaneously use one radio frequency frontend. A system with four transmit antennas is considered in particular. The four antennas are selectively grouped into two subsets. Alamouti code is then applied on top of the subsets as if each was a single antenna. This scheme is shown to be more efficient than the conventional transmit antenna selection combined with Alamouti code in correlated channels. Moreover, it lowers the bitrate of the feedback channel.
due to insufficient antenna spacing or surrounding scatterers, spatial correlation occurs between the path gains associated with different transmit-receive antenna pairs. Strong spatial correlation incurs substantial loss in channel capacity [7] . With transmit antenna correlation, as the degree of randomness to be exploited via antenna selection decreases, TAS schemes may not be as effective as when the transmit antennas are independent.
In this work, we introduce a new transmit antenna selection scheme tailored for spatially correlated fading channels. This scheme allows two or more transmit antennas to simultaneously use a common RF chain and hence to transmit identical signal streams. The transmitter hardware cost is almost the same as that of traditional transmit antenna selection schemes. An exemplary system with four transmit antennas is considered. The antennas are selectively grouped into two subsets, each consisting of two antennas and connecting with one RF chain. Alamouti STBC [6] is then applied on top of the two subsets as if each was a single antenna. The proposed scheme is referred to as transmit antenna selection using extended STBC or TAS/ESTBC. Our grouping criterion is to maximize the instantaneous received signal-to-noise ratio (SNR) for each transmitted symbol, and correspondingly to minimize the probability of symbol error. Simulation results show that the proposed scheme can provide up to 2 dB improvement over the conventional TAS/STBC scheme [2] in transmit correlated fading channels, while requiring less bandwidth for the feedback channel.
The rest of this Letter is organized as follows. In Section II we present the channel model and transmitter and receiver structures of the proposed TAS/ESTBC. Performance comparison with existing schemes is carried out in Section III. In Section IV some related work and discussions are presented. Finally, we draw conclusions in Section V.
II. EXTENDED SPACE TIME BLOCK CODING

A. Channel Model
We consider a narrow-band communication link with M transmit antennas and N receive antennas. The channel is assumed to be frequency-nonselective Rayleigh fading. It remains approximately constant during a transmission frame but can vary from one frame to another. We further consider that the antennas at both communication sides are not necessarily placed sufficiently apart from each other so that spatial correlation may occur. To focus on the effect of transmit antenna correlation on the performance of transmit antenna selection, we adopt the "one-ring" channel model in [7, Fig.  1 ], where the transmitter (assumed to be the base station) is elevated and unobstructed, whereas the receiver (assumed to be the mobile user) is surrounded by local scatterers. For this channel model, we let the antenna spacing at the receiver side be large enough that the fades associated with different receive antennas are independent, but those associated with different transmit antennas are correlated. Mathematically, let H be the N ×M channel matrix, of which the (n, m)-th element, h n,m , is the channel coefficient for the path from the m-th transmit antenna to the n-th receive antenna. Then, the N rows of the channel matrix H can be modeled as independent and identically distributed (i.i. We shall use this statistical equivalence to generate each channel realization in our numerical analysis in Section III. Note that this method has been widely used in [2] , [7] .
B. Extended STBC With Transmit Antenna Selection
The transmitter architecture of the proposed scheme for M = 4 transmit antennas using two RF frontends is depicted in Fig. 1 . The STBC signals generated in the baseband processor are up-converted to a radio channel by using two RF chains. A typical RF chain consists of a digital-to-analog converter, a frequency up-converter and a power amplifier. The passband signal stream from each chain is then split into two sub-streams with the aid of a power divider. The mapping between the four transmit antennas and the four RF signal sub-streams is implemented in the switch unit. The receiver informs the transmitter of the switch setting according to the latest channel state information through a feedback channel with limited capacity. The baseband equivalence of the resulting passband signals transmitted on the four antennas within two symbol intervals can be represented by a 4 × 2 codeword matrix:
In (1), s 1 and s 2 are two independent complex-valued information symbols with unit average energy, and E s /4 is the radiation power on each antenna. The factor 1/4 is to assure that the system total radiation power is independent of the number of transmit antennas and equal to E s . The matrix in (1) according to the control bits from the feedback channel. The baseband received signals on the N receive antennas at the two time slots, denoted by N × 1 vectors y 1 and y 2 respectively, can thus be written as:
Here, w i , for i = 1, 2, is the complex additive white Gaussian noise vector with each entry being independent and having mean zero and variance N 0 /2 per dimension. Similar to the original Alamouti STBC, the maximum likelihood decision variables for symbols s 1 and s 2 are computed, respectively, aŝ
. Thus, the instantaneous received SNR for each symbol is
in which γ 0 E s /N 0 is the system total transmit SNR, · 2 represents the squared Euclidean norm, and Re{·} means the real part. The subscript in γ 22 stands for the 2-2 grouping as in Fig. 1 . Clearly, to maximize the received SNR γ 22 in (2), and correspondingly to minimize the instantaneous probability of symbol error for a given channel realization H, one should choose a swapping {h 1 indicates the similarity between the instantaneous channel gain vectors on m-th and m -th transmit antennas. Intuitively, higher statistical correlation among the transmit antennas would yield a higher chance of having high instantaneous similarity. As a result, more antenna array gain can be expected.
III. PERFORMANCE COMPARISON
In this section we illustrate the performance of the proposed TAS/ESTBC scheme by comparing it with the conventional TAS/STBC scheme in average received SNR gain, symbol error rate (SER) performance, and the number of feedback bits required.
A. Average SNR Gain
Recall that the baseband transmitted codeword in TAS/STBC using the same total radiation power E s as in the proposed scheme can be described by the matrix
The instantaneous received SNR of each symbol after detection is given by [2] 
where h max 1 and h max 2 are the two columns of the channel matrix H with the largest Euclidean norms, and the subscript in γ 2/4 indicates a 2-out-of-4 transmit antenna selection. The quantity γ 0 in (4) is defined in the same way as in (2). We first compare the average received SNRs of TAS/ESTBC γ 22 and TAS/STBCγ 2/4 in two extreme cases. In the extreme case where {h m } are fully correlated and h m = h, ∀m, one can have γ 22 = 2 h 2 γ 0 and γ 2/4 = h 2 γ 0 . Hence,γ 22 is 3-dB higher thanγ 2/4 . This is explained as follows. The strategy of transmitting identical signal streams on the two antennas within each subset in our proposed TAS/ESTBC scheme can be regarded as a special case of beamforming, where the beamforming coefficients are all equal to 1. This strategy is optimal when the channel gains associated with the two antennas are the same. Therefore, a beamforming gain of 3 dB in this extreme case is achieved. In the other extreme case where {h m } are independent (no transmit correlation), since the maximum value of Re hH 1h2 +h H 3h4 in γ 22 over all the grouping methods may still be negative, full diversity is not guaranteed in TAS/ESTBC. Therefore, the proposed TAS/ESTBC scheme is inferior to the TAS/STBC scheme when the channels are independent.
In the general case where the transmit antennas are arbitrarily correlated, it is difficult to evaluate the probability density functions of γ 22 and γ 2/4 . Thus, we resort to numerical methods for computing bothγ 22 andγ 2/4 via simulation. For simplicity, we assume an evenly correlated channel where the correlation coefficient between any pair of transmit antennas is the same and denoted as ρ. Let g 22 = 10 log 10 γ 22 /(γ 0 N ) and g 2/4 = 10 log 10 γ 2/4 /(γ 0 N ) denote the gain in average received SNR of the proposed TAS/ESTBC scheme and the conventional TAS/STBC scheme, respectively. Fig. 2 shows the gains at different values of ρ and N . Each gain value is obtained by averaging over 10 5 independent channel realizations. It is observed that at low transmit antenna correlation, the gain of TAS/ESTBC is lower than that of TAS/STBC. As ρ increases, the gain of TAS/ESTBC increases, whereas the gain of TAS/STBC decreases. In the extreme case with ρ = 1 (fully correlated), g 22 becomes 3 dB larger than g 2/4 . This implies that the conventional TAS/STBC is more suitable when the transmit antennas are independent or have low correlation, but our scheme is more beneficial when the antenna correlation is medium or high. From Fig. 2 one can also observe that, at large ρ (0.4 < ρ < 1), as the number of receive antenna increases the gap between g 22 and g 2/4 also increases. Thus, it can be expected that the symbol-error-rate performance gain of TAS/ESTBC over TAS/STBC should be higher when using more receive antennas, but will always be upper bounded by 3 dB.
B. SER Performance
The above analysis based on the average received SNR serves as a good performance indicator, but is not sufficient for the comparison of average probability of error. In this subsection we provide simulation results to compare the symbol error rate between the proposed TAS/ESTBC scheme and the conventional TAS/STBC scheme.
The communication link follows the "one-ring" model and is equipped with a linear array consisting of M = 4 equally spaced antennas at the transmitter and with N = 1 or 2 independent antennas at the receiver. It is assumed that the angle of departure is perpendicular to the transmit antenna array and that the angle spread (denoted by Δ) is small. Thus, by using the results in [7] , the spatial correlation between the m-th and m -th transmit antennas can be approximated by R T (m, m ) ≈ J 0 2πΔ|m − m |d/λ , where λ is the carrier wavelength, d is the spacing between two adjacent antenna elements and J 0 (·) is the zeroth-order Bessel function of the first kind. In our simulation, we fix the angle spread Δ to 0.6 degree and let the antenna spacing d vary. scheme requires four RF chains at the transmitter, but only two RF chains are needed in the selection schemes. From  Figs. 3 and 4 , we can have several observations. Firstly, in the independent channels, the performance of the proposed TAS/ESTBC scheme is about 0.8 dB worse than that of TAS/STBC for both one and two receive antennas. This is higher than the corresponding 0.5 dB and 0.4 dB differences in the average received SNR gains observed from Fig. 2 for ρ = 0. Secondly, as the transmit antenna correlation increases, by decreasing the antenna spacing d, the proposed TAS/ESTBC scheme becomes superior to TAS/STBC. Moreover, the performance improvement using two receive antennas is larger than the gain using one receive antenna. In particular, using two receive antennas, an improvement of about 2 dB at all SNR regions can be observed when d = 2λ. On the other hand, an improvement of 2.6 dB in average received SNR is seen from Fig. 2 for ρ = 0.96 (which corresponds to the smallest antenna correlation coefficient at d = 2λ). We can see that the performance trend of the symbol error rate results matches very well with the comparison on average received SNRs, but the gains predicted in Fig. 2 are slightly optimistic. In addition, it is also observed that both the transmit antenna selection schemes with limited feedback outperform the open-loop STBC. But the performance gain of the conventional TAS/STBC over the open-loop scheme decreases as the antenna correlation increases. For instance, when two receive antennas are used, the gain at a target SER of 10 −4 is around 1.5 dB for independent channels, but it reduces to 0.7 dB or less in correlated channels with d = 2λ. In contrast, the gain of the proposed TAS/ESTBC over the openloop scheme increases as the antenna correlation increases. These results further confirm the benefits of using the proposed scheme in spatially correlated fading channels.
C. Feedback Bits
The number of information bits needed on the feedback path is also different for the two transmit antenna selection schemes. In the proposed TAS/ESTBC scheme, the legitimate antenna subset grouping meth- 
Thus, the feedback information required is log 2 3 = 1.585 bits. In the conventional TAS/STBC scheme, the total number of ways of selecting two out of the four transmit antennas is C 2 4 = 6, which requires one more bit in the feedback path than our new scheme does.
IV. RELATED WORK AND DISCUSSIONS
Transmit antenna selection is of practical as well as fundamental importance because of its low hardware cost and high diversity gain. To implement TAS, a feedback channel must be present to send the selection information according to the latest channel estimates. In the ideal case where the feedback channel is error-free and delay-free and the antennas are all independent, the optimal selection scheme that maximizes the instantaneous received SNR is to select one and only one transmit antenna [9] . However, in practice, it is not feasible that the best antenna can always be selected due to feedback delay, feedback errors and channel estimation errors. The results in [9] and [10] show that the antenna subset selection is more robust to imperfect selection than the single antenna selection. Therefore, the proposed scheme in this work that employs antenna subset grouping can also perform robustly in more realistic environments.
The most relevant work to our scheme is [11] , in which a similar antenna grouping method via RF sharing is introduced. However, as independent fading channels are assumed in [11] , the RF sharing scheme is ineffective if used alone and has to be combined together with TAS/STBC as a hybrid transmit antenna/code selection scheme. The drawbacks of using such a hybrid scheme are two-fold: more feedback bits (more selection combinations) and more complicated hardware design (both RF sharing and conventional TAS/STBC should be implemented).
To enhance the system performance by employing a feedback channel with limited capacity, one can design not only TAS schemes using one or a subset of antennas but also beamforming schemes which use all the antennas, such as [12] - [14] . In particular, STBC-based group-coherent codes are proposed in [14] to achieve both diversity gain and partial beamforming gain via limited channel feedback. It is noted that the passband transmitted signal structure of this scheme is similar to ours. The work in [14] is, however, fundamentally different from the proposed scheme. Unlike the proposed scheme, the baseband signals to be transmitted within each antenna group in [14] are not identical due to beamforming phase components and, hence, there is no reduction in the number of RF frontends. Furthermore, the mapping from signals to antennas in [14] is fixed by design, whereas the signal-to-antenna mapping in the proposed scheme is adaptive relative to the time-varying channel conditions. V. CONCLUSION Extended space-time block coding with four transmit antennas was proposed over spatially correlated MIMO fading channels. By grouping the transmit antennas according to their similarities in instantaneous channel coefficients into two subsets and treating each subset as a single antenna, both hardware complexity reduction and antenna array gain can be achieved. Compared with the conventional space-time block coded transmit antenna selection, this new scheme not only achieves better error performance but also requires less capacity for the feedback channel. For systems with more than four transmit antennas our scheme can be easily applied by grouping more antennas in each subset, as long as high transmit antenna correlation is present.
